 Development and virulence of the vascular plant pathogen Verticillium dahliae 30 are connected and depend on a complex interplay between the unfolded protein 31 response, a Ham5 independent pheromone MAP kinase module and formation 32 of precursors for oxylipin signal molecules. 33  Genes coding for the unfolded protein response regulator Hac1, the Ham5 34 MAPK scaffold protein, and the oleate Δ12-fatty acid desaturase Ode1 were 35 deleted and their functions in growth, differentiation, and virulence on plants 36 were studied using genetic, cell biology, and plant infection experiments. 37  The unfolded protein response transcription factor Hac1 is required for initial 38 root colonization, fungal conidiation and propagation inside the host and is 39 essential for resting structure formation. Microsclerotia development, growth 40 and virulence require the pheromone response MAPK pathway, but without the 41 Ham5 scaffold function. Single ER-associated enzymes for linoleic acid 42 production make important contributions to fungal growth but have only a minor 43 impact on the pathogenicity of V. dahliae. 44  Fungal growth, sporulation, dormant structure formation and plant infection 45 require a network of the Hac1-regulated unfolded protein response, a scaffold-46 independent pheromone response MAPK pathway and formation of precursors 47 for signalling. This network includes interesting targets for disease management 48 of the vascular pathogen V. dahliae. 49 50
Introduction 54
Verticillium dahliae is a soil-borne asexual ascomycete causing vascular wilting 55 disease in a broad range of plants including high value crops (Pegg & Brady, 2002;  The UPR might crosstalk with the pheromone response MAPK pathway, which does 144 not require the Ham5 scaffold protein (Dettmann et al., 2014; Jonkers et al., 2014; 145 Frawley et al., 2018) to promote V. dahliae resting structure formation, growth and Supporting Information Table S1 , primers in Table S2 and plasmids in Table   156 S3. Methods for bacterial and fungal cultivation and strain construction are described 8
The length of 20 nt for the unconventionally spliced intron of V. dahliae HAC1 is similar 229 to other filamentous ascomycetes (20-26 nt) , but smaller than in the dimorphic 230 basidiomycete U. maydis (65 nt) or in budding yeast (252 nt) ( Fig. 1b) . Unconventional 231 splicing of mRNAs of HAC1 homologs requires the cytosolic endoribonuclease domain 232 of the ER membrane resident sensor Ire1. This domain recognizes the conserved 233 consensus splice sites 5´-CNG' CNGN-3´ (Hooks & Griffiths-Jones, 2011a) . 5´ and 3´ 234 intron-exon-borders of the 20 nt intron from V. dahliae HAC1 are conserved (Fig. 1b) . 235 Similar to Hac1 splice sites of different organisms, the consensus splice site of the 236 unconventional V. dahliae HAC1 intron was predicted to form a characteristic twin 237 stem-loop secondary structure (Fig. 1c) . 238 The two HAC1 splice variants encode proteins with identical N-but different C-terminal 239 regions. The shared N-terminal 268 aa region includes the NLS motif and the bZIP 240 domain (Fig. 1a) . The remaining C-termini of the deduced larger 526 aa Hac1 u protein 241 of 58 kDa and the smaller 417 aa Hac1 protein of 44 kDa are unique (Fig. 1a , the 242 amino acid sequence of Hac1 is shown in Table S5 ). A phylogenetic analysis revealed 243 similarities between the V. dahliae Hac1 protein encoded by the unconventionally 244 spliced mRNA HAC1 i to described UPR regulatory proteins in other fungi and to human 245 XBP1 (X-box binding protein) ( Fig. 1d ). Proteins from V. dahliae and T. reesei cluster 246 in one subclade. The Hac1 protein of S. cerevisiae showed higher similarity to the 247 U. maydis Cib1 protein than to V. dahliae Hac1.
248
A deletion strain was constructed to analyse the role of HAC1 in the development and 249 virulence of V. dahliae. This mutant strain was used for ectopic reintegration of either 250 the entire HAC1 gene (HAC1-C) or one of the two mRNA HAC1 variants ( Fig. 1a ) fused 251 to HA at the 3´-end and under control of the native promoter and terminator. Expression 252 levels of induced and uninduced HAC1 mRNA variants were examined with the same 253 primer pair in the constructed strains in comparison to wildtype and ΔHAC1. The 254 HAC1-C complementation strain displayed wildtype-like HAC1 expression levels, 255 whereas expression was reduced to less than 40% in HAC1 u -HA, and even to ~60% 256 in HAC1 i -HA ( Fig. 2a ). Immunoblot analysis was performed to investigate whether both 257 HAC1 mRNA variants were translated into Hac1 u -HA and Hac1-HA fusion proteins. A 258 band at ~70 kDa instead of the predicted 46 kDa was obtained for HAC1 i -HA, 259 expressing the unconventionally spliced HAC1 mRNA variant, whereas there were no 260 signals for the HAC1 u -HA strain containing the mRNA variant where only the 261 conventional intron was spliced ( Fig. 2b ).
9
Alterations in growth and development of the constructed strains ex planta were 263 compared to wildtype. ∆HAC1 colonies produce less aerial mycelium and appear more 264 transparent. Under non-stress conditions reduced growth was observed for ∆HAC1 265 (15%) and HAC1 i -HA (10%) in comparison to the wildtype strain ( Fig. 2c, d ). Under 266 DTT-induced ER stress conditions growth of ∆HAC1 was decreased (18% lower), 267 whereas HAC1 i -HA displayed relatively increased colony diameters (17% higher) 268 compared to wildtype. The expression of the ectopically integrated HAC1 gene in 269 HAC1-C or the HAC1 gene lacking the conventional intron in HAC1 u -HA in the deletion 270 background resulted in wildtype-like growth under stress-and non-stress conditions.
271
This suggests, that presence of the unconventionally spliced HAC1 mRNA in the 272 HAC1 i -HA strain enables a more efficient response to ER stress.
273
For ∆HAC1 no melanization of the colony centres was observed during growth on any 274 tested medium. Cross sections and microscopy of fungal material from ∆HAC1 275 colonies grown on different media revealed the absence of microsclerotia, whereas 276 ectopic integration resulted in increased resting structure occurrence for the HAC1-C 277 and HAC1 i -HA strains as exemplified for minimal medium with sucrose as carbon 278 source ( Fig. 2c ). Wildtype-like microsclerotia frequencies were observed in the 279 HAC1 u -HA strain. The absence of microsclerotia in ∆HAC1 and vice versa increased As mentioned above, the unfolded protein response controls the capacity and quality 285 of ER-mediated secretion. It is currently unknown whether the UPR regulator Hac1 is 286 important for fungal pathogens that colonize plant roots. Therefore, we compared root 287 colonization by a UPR defective V. dahliae HAC1 deletion strain versus the wildtype 288 strain. A HAC1 deletion strain expressing ectopically integrated GFP under control of 289 the gpdA promoter was constructed for monitoring colonization. Three-week-old 290 Arabidopsis thaliana plants inoculated with the same number of spores obtained from 291 ∆HAC1 OE-GFP and wildtype carrying the same construct (WT OE-GFP NAT ) were 292 compared. Fungal colonization behaviour was studied after five to seven days. Overall, 293 less hyphae on the root surface were present for the ΔHAC1 OE-GFP strain compared 294 to wildtype (Fig. 3a) . The formation of swollen hyphae and a change in growth direction 10 indicate penetration sites. These features were observed in the absence of HAC1 296 similarly to wildtype, as was hyphal growth after invasion of the root outer layer.
297
Therefore, V. dahliae HAC1 is not required for penetration of the root and the mutant 298 is not blocked directly after invasion of the root cortex, but HAC1 supports the first 299 contact with the host, which is the initial colonization of the root surface.
300
V. dahliae forms conidiospores within the plant vascular system for spreading and 301 systemic colonization. The HAC1 deletion strain displayed significantly reduced 302 conidiospore numbers with about 14% relative to wildtype after five days in liquid 303 simulated xylem medium (Fig. 3b ). Conidiospore levels were restored in the HAC1-C 304 strain. This suggests a further role for HAC1 function in subsequent steps of plant 305 colonization, and this was investigated by tomato infection experiments. ∆HAC1 306 induced significantly less severe disease symptoms than wildtype 21 days after 307 inoculation with conidiospores, resulting in approximately 90% healthy plants ( Fig. 3c ).
308
None of the ∆HAC1 inoculated plants showed heavy symptoms, and no hypocotyl 309 discolorations were observed for any plant. In addition, no fungal outgrowth was 310 observed for ∆HAC1 from stems of treated plants (Fig. 3c ). The less virulent in planta 311 phenotype of the ∆HAC1 strain was complemented by HAC1-C regarding induction of 312 overall disease symptoms, discoloration of the hypocotyl and fungal outgrowth from et al., 2014; Frawley et al., 2018) . To date, corresponding scaffold proteins 332 have not yet been analysed in plant pathogenic fungi and it is unknown whether they 333 are required for pheromone response MAPK pathway mediated virulence. include ATP binding and serine/threonine-protein kinase active sites ( Fig. 4 ).
341
The role of the scaffold Ham5 in the Vmk1 MAPK pathway for fungal development and 342 virulence was compared to MEK2 and VMK1 through evaluation of the corresponding 343 single and double deletion strains. The HAM5 deletion strain revealed wildtype-like 344 growth and resting structure formation ex planta under stress and non-stress 345 conditions, exemplified for CDM with sucrose or cellulose 9 days after inoculation ( Fig.   346 5a). MEK2 and VMK1 single and double deletion strains with HAM5 exhibited a 10% 347 decrease in growth 9 days after inoculation, which was restored in the 348 complementation strains MEK2-C and VMK1-C (Fig. 5a, b ). In addition, ∆MEK2, 349 ∆VMK1, ∆HAM5∆MEK2, and ∆HAM5∆VMK1 strains formed less microsclerotia on 350 minimal medium with cellulose, and melanization of the colonies was reduced to less 351 than half, whereas ∆HAM5 and HAM5-C strains displayed wildtype-like melanization.
352
Phenotypes were restored by ectopic integration of the corresponding wildtype gene 353 in MEK2-C and VMK1-C strains (Fig. 5a, b ). which are as well connected to host-fungus communication (Calvo et al., 2001; 374 Brodhagen et al., 2008; Brodhun et al., 2009; Reverberi et al., 2010; Scala et al., 2014; 375 Fischer & Keller, 2016; Patkar & Naqvi, 2017). Secretion of these lipid metabolites 376 potentially relies on the UPR control of the capacity and quality of ER mediated 377 secretion. We examined functions of V. dahliae oxylipins as potential signals for 378 development and virulence, and focused an oleate ∆12-fatty acid desaturase 379 catalysing the oxidation of oleic acid to linoleic acid, the major precursor of fungal 380 oxylipins. The impact of the oleate ∆12-fatty acid desaturase OdeA on differentiation 381 was described in different Aspergilli, but has not yet been examined in plant pathogens 382 (Calvo et al., 2001; Chang et al., 2004; Wilson et al., 2004) . two short non-cytosolic regions, and three hydrophilic cytosolic regions, including the 392 N-and C-termini of the protein (Fig. 6b ).
393
V. dahliae ODE1 deletion and complementation strains harbouring ODE1 C-terminally 394 fused to GFP at the endogenous locus under control of the native promoter and terminator were constructed. The predicted molecular weight for Ode1 fused to GFP 396 with 81 kDa was confirmed by immunoblots ( Fig. 6c ). Fluorescence microscopy of 397 young hyphae revealed that the Ode1-GFP protein is primarily localized to ER 398 membranes surrounding the nucleus and to a minor extend to plasma membranes and 399 close to tips of growing hyphae resembling perinuclear and cortical ER structures ( Fig.   400 6d-f).
401
The impact of the V. dahliae oleate ∆12-fatty acid desaturase Ode1 on fungal growth 402 and differentiation was examined by comparing the ODE1 deletion to the wildtype 403 strain under different physiological and membrane stress inducing conditions.
404
Vegetative growth of the ∆ODE1 strain was significantly decreased with or without 405 stressors (Fig. 7a ). The ODE1 deletion strain displayed the most severe decrease in 406 vegetative growth on medium containing cellulose, with a ~50% reduction of the colony 407 diameter after 9 days. This defect was complemented by ODE1-GFP (Fig. 7a, b ). The 408 observed growth defect of ∆ODE1 was partially compensated by supplementation of 409 media with linoleic acid, resulting in a relative colony diameter of about 70% (Fig. 7b ).
410
Reduced melanization correlated with the decrease in growth of colonies formed by 411 ∆ODE1 on cellulose medium. Colony cross sections and microscopy of fungal material 412 from colony centres revealed the formation of wildtype-like microsclerotia with regard 413 to size, shape and melanization by the ∆ODE1 strain ( Fig. 7a ).
414
Tomato plant infection experiments addressed the impact of ODE1 on the virulence of 415 V. dahliae. Tomato plants inoculated with ∆ODE1 spores showed only slightly reduced 416 numbers of plants with disease symptoms after 21 days compared to stunting and 417 hypocotyl discolorations of wildtype infected plants (Fig. 7c ). This suggests a strong 418 contribution of the single gene ODE1 to fungal growth but only a minor contribution to 419 the virulence of V. dahliae. 420 These data hint at a complex interplay between biosynthesis of linoleic acids as 421 precursors of oxylipins, the secretion capacity moderating UPR, and the scaffold- mRNA with an inverted repeat sequence as translation attenuation mechanism (Mulder mRNA upon ER stress in different Aspergilli, T. reesei and A. brassisicola (Saloheimo 461 et al., 2003; Mulder et al., 2004; Joubert et al., 2011) . 
468
In S. cerevisiae, U. maydis and C. neoformans the UPR is not required for vegetative 469 growth and sporulation in the absence of ER stress (Nikawa et al., 1996; Kaufman, 470 1999; Cheon et al., 2011; Heimel et al., 2013) . In contrast, deletion of HAC1 or genomic 471 integration of the unconventionally spliced HAC1 mRNA variant affects growth and 472 conidiation without stress in different filamentous ascomycetes including plant 473 pathogens (Mulder & Nikolaev, 2009; Joubert et al., 2011; Carvalho et al., 2012; Tang 474 et al., 2015) . A basal UPR activity under non-stress conditions has been observed in 475 several fungi (Heimel, 2015) . Constitutive activation of the UPR might alter the control 476 of genes involved in growth and developmental processes (Heimel, 2015) . The 
507
In U. maydis the Hac1 orthologue is required to induce biotrophic growth in planta 508 (Heimel et al., 2010) . In contrast, UPR components are involved in initial penetration 509 of the plant surface by M. oryzae (Yi et al., 2009; Tang et al., 2015; Jiang et al., 2018) .
510
The V. dahliae UPR regulator Hac1 has a major impact on the fungal ability to colonize 511 host plants, and HAC1 is required for efficient colonization of the root surface as first Dettmann et al., 2014; Jonkers et al., 2014; Frawley et al., 2018) . The N. crassa 532 scaffold protein HAM-5 assembles the MAPK cascade during chemotropic growth and 533 positively influences growth and differentiation (Li et al., 2005; Aldabbous et al., 2010; 534 Dettmann et al., 2014; Jonkers et al., 2014) . The homologous A. nidulans scaffold (Calvo et al., 2001; Chang 564 et al., 2004; Wilson et al., 2004) . V. dahliae ODE1 is dispensable for formation of 565 wildtype-like resting structures, whereas deletion of the A. parasiticus ODE1 homolog 566 resulted in loss of sclerotia development (Chang et al., 2004; Wilson et al., 2004) .
567
Despite its impact on growth, V. dahliae Ode1 is not required for induction of severe 568 disease symptoms in tomato plants. It is possible, that different oleate Δ12-fatty acid 569 desaturases encoded in the V. dahliae genome are responsible for linoleic acid 570 biosynthesis during plant colonization and compensate for loss of Ode1 function. In 571 addition, the ODE1 deletion strain might be able to use plant-derived unsaturated fatty 572 acids to compensate for the growth defect. Plant linoleic acid and the derived oxylipins 573 are recognized as mimics of fungal signalling molecules and promote sporulation and 574 mycotoxin production in Aspergilli (Burow et al., 1997; Calvo et al., 1999; Wilson et al., 575 2004; Brodhagen et al., 2008; Gao & Kolomiets, 2009; Horowitz Brown et al., 2009; 576 Reverberi et al., 2010) .
577
In conclusion, V. dahliae Hac1 regulated unfolded protein response and a scaffold- Table S1 Verticillium strains constructed and used in this study.
1095 Table S2 Primers used in this study.
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